Intrahepatic cholestasis of pregnancy (ICP) is a liver disease of pregnancy with serious consequences for the mother and fetus. Two pedigrees have been reported with ICP in the mothers of children with a subtype of autosomal recessive progressive familial intrahepatic cholestasis (PFIC) with raised serum γ-glutamyl transpeptidase (γ-GT). Affected children have homozygous mutations in the MDR3 gene (also called ABCB4), and heterozygous mothers have ICP. More frequently, however, ICP occurs in women with no known family history of PFIC and the genetic basis of this disorder is unknown. We investigated eight women with ICP and raised serum γ-GT, but with no known family history of PFIC. DNA sequence analysis revealed a C to A transversion in codon 546 in exon 14 of MDR3 in one patient, which results in the missense substitution of the wild-type alanine with an aspartic acid. We performed functional studies of this mutation introduced into MDR1, a closely related homologue of MDR3. Fluorescence activated cell sorting (FACS) and western analysis indicated that this missense mutation causes disruption of protein trafficking with a subsequent lack of functional protein at the cell surface. The demonstration of a heterozygous missense mutation in the MDR3 gene in a patient with ICP with no known family history of PFIC, analysed by functional studies, is a novel finding. This shows that MDR3 mutations are responsible for the additional phenotype of ICP in a subgroup of women with raised γ-GT.
Intrahepatic cholestasis of pregnancy (ICP) is a liver disease of pregnancy with serious consequences for the mother and fetus. Two pedigrees have been reported with ICP in the mothers of children with a subtype of autosomal recessive progressive familial intrahepatic cholestasis (PFIC) with raised serum γ-glutamyl transpeptidase (γ-GT). Affected children have homozygous mutations in the MDR3 gene (also called ABCB4), and heterozygous mothers have ICP. More frequently, however, ICP occurs in women with no known family history of PFIC and the genetic basis of this disorder is unknown. We investigated eight women with ICP and raised serum γ-GT, but with no known family history of PFIC. DNA sequence analysis revealed a C to A transversion in codon 546 in exon 14 of MDR3 in one patient, which results in the missense substitution of the wild-type alanine with an aspartic acid. We performed functional studies of this mutation introduced into MDR1, a closely related homologue of MDR3. Fluorescence activated cell sorting (FACS) and western analysis indicated that this missense mutation causes disruption of protein trafficking with a subsequent lack of functional protein at the cell surface. The demonstration of a heterozygous missense mutation in the MDR3 gene in a patient with ICP with no known family history of PFIC, analysed by functional studies, is a novel finding. This shows that MDR3 mutations are responsible for the additional phenotype of ICP in a subgroup of women with raised γ-GT.
INTRODUCTION
Intrahepatic cholestasis of pregnancy (ICP), also known as obstetric cholestasis, is a liver disorder of pregnancy with serious consequences for the mother and fetus (1) (2) (3) (4) . Cholestasis results from abnormal biliary transport from the liver into the small intestine, and ICP is characterized by the occurrence of cholestasis in pregnancy in women with an otherwise normal medical history. The classical maternal feature is generalized pruritus, becoming more severe with advancing gestation. ICP causes fetal distress, spontaneous premature delivery and unexplained third trimester intrauterine death (1) (2) (3) (4) . Delivery by 38 weeks gestation has reduced the perinatal mortality rate from 10-15% (1-2) to 2.0-3.5% (2) (3) (4) . Abnormal maternal liver function tests (LFTs) are necessary to make the diagnosis. In particular, the serum total bile acid (BA) concentration is raised compared with normal pregnancy (5) (6) (7) (8) and this is thought to be due to abnormal biliary transport across the hepatic canalicular membrane (9, 10) . All LFTs return to normal after delivery. In a subgroup of women the serum γ-glutamyl transpeptidase (γ-GT) level is also increased.
Several human autosomal recessive disorders are recognized to cause abnormal biliary transport. Progressive familial intrahepatic cholestasis (PFIC) is characterized by the onset of cholestasis in early childhood which can progress to cirrhosis and liver failure before adulthood (11) , and can be classified into three subtypes (PFIC1-3). PFIC1 and 2 have low concentrations of biliary bile acids and low to normal γ-GT in the serum. PFIC1 (also called Byler disease) is clinically characterized by features of hepatic failure including jaundice, steatorrhoea and reduced growth, and is caused by mutations in the familial intrahepatic cholestasis 1 (FICI) gene (12) . Mutations in this gene have also been reported in benign recurrent intrahepatic cholestasis (BRIC), a separate condition in which affected individuals have transient episodes of cholestasis but do not develop hepatic failure (12) . The FIC1 gene encodes a P-type ATPase, which is believed to play a role in the enterohepatic circulation of bile acids. PFIC2 is caused by mutations in the bile salt export pump (BSEP) gene (13) (also called ABCB11). The clinical features of PFIC2 are similar to those of patients with PFIC1, although the appearance of the bile by electron microscopy is different (11) , and the clinical outcome following orthotopic liver transplantation is better than for some PFIC1 patients (11, 13) .
PFIC3 patients are distinguished by high serum levels of γ-GT and bile which lacks phospholipid but has a normal biliary bile acid concentration (14) , together with distinctive liver histology that shows portal duct inflammation and ductular proliferation (15) . The raised serum γ-GT is a result of the detergent effect of the relatively high level of bile acid compared with phospholipid in the bile causing release of γ-GT from the biliary epithelium. Homozygous mutations of the multi-drug resistance 3 (MDR3) gene have been described in three pedigrees with PFIC3 (10, 14) . The heterozygote mothers of two affected children with PFIC3 had symptoms consistent with ICP (10, 14) . In one of these pedigrees in which a large consanguineous family had co-existing PFIC and ICP, three of the six mothers with ICP had pregnancies complicated by unexplained intrauterine death (10) . Four of the six women were investigated and shown to be heterozygous for the MDR3 mutation for which the proband was homozygous (10) .
The MDR3 gene [also known as ABCB4 and MDR2, the homologue of murine mdr2 (16, 17) ] encodes the MDR3 protein which is a member of the superfamily of ATP-binding cassette (ABC) transporters (18, 19) . The MDR3 protein has four domains: two homologous nucleotide-binding domains (NBDs) which bind and hydrolyse ATP and whose sequence is highly conserved throughout the ABC transporter family, and two hydrophobic transmembrane domains (TMDs) which span the membrane multiple times. The MDR3 protein has been shown to be localized to the hepatocyte canilicular membrane and demonstrated to be a phosphatidyl choline (PC) flippase (20) (21) (22) .
It is possible that mutations of the MDR3 gene cause the more prevalent disorder, ICP without a family history of PFIC.
We investigated this hypothesis by screening the MDR3 gene in eight individuals with ICP and a raised γ-GT, but no known family history of PFIC. We describe here the identification of a heterozygote MDR3 mutation in a patient with ICP. We report the functional characterization of the equivalent mutation in a closely related homologue of the gene (MDR1), which strongly suggests that the mutant membrane protein misfolds and fails to traffic properly from the endoplasmic reticulum (ER) to the cell membrane.
RESULTS

Mutation detection
DNA sequence analysis of the 27 coding exons of the MDR3 gene, together with the respective exon-intron boundaries, was performed in eight ICP patients with raised γ-GT levels but no PFIC, together with a normal individual as a control. Patient details are given in Table 1 .
In patient 8, a heterozygous DNA base change was identified in exon 14, at the second nucleotide of codon 546 (Fig. 1) . In addition to the normal cytosine at this position, an adenine was also detected; this results in the substitution of the wild-type alanine with a mutant aspartic acid (A546D). This mutation is in the highly conserved first NBD of the MDR3 protein. The DNA base change introduces a SexAI restriction enzyme site, which facilitated confirmation of the mutation (Fig. 1 ). This restriction enzyme change was used to exclude the presence of this mutation in two control panels consisting of 50 parous women without ICP and 40 ICP women without a known raised γ-GT during pregnancy. No other MDR3 mutations were identified in the other seven individuals with ICP.
A546 is highly conserved in the NBDs of ABC transporters
A546 is a highly conserved residue, not only in the NBDs of proteins orthologous to the MDR3 protein in rat and mouse (16, 23) , but also in other members of the superfamily of ABC transporters, including human P-glycoprotein (P-gp1) (24) and the NBD of the histidine permease (HisP) of Salmonella typhimurium. Whereas little is known about the structure of mammalian ABC transporters, the high resolution structure of HisP has been reported (25) . From the crystal structure of HisP (25) , A167 (the equivalent of the MDR3 protein A546) is located towards the C-terminus of α-helix 5 and, spatially, is in close proximity to the hydrophobic residues preceding the Walker B motif (Fig. 2 ).
Mature A544D-P-gp1 at the cell surface is functional
There are no established systems for quantification of PC translocation in mammalian systems making it currently not possible to study the function of the MDR3 protein. However, the transport of fluorescent substrates such as rhodamine by the multi-drug transporter P-gp1 is relatively easy to assay in mammalian cell culture systems. The MDR3 protein shares 77% identity with P-gp1 and it has been shown that substitution of as few as three adjacent MDR3 protein residues in the first TMD by the equivalent residues from P-gp1 is sufficient to allow the chimeric molecule to transport substrates specific to P-gp1 (26) . The level of sequence identity between P-gp1 and the MDR3 protein increases to 87% in the NBDs. In addition, the NBDs of P-gp1 and the MDR3 protein have been shown to be interchangeable (27) . We therefore introduced the equivalent A546D mutation into the first NBD of P-gp1 and studied the functional consequences of the change in transiently transfected mammalian cells. Alignment of the amino acid sequence of human P-gp1 with the MDR3 protein identified A544 as the P-gp1 equivalent of MDR3 protein A546. Site-directed mutagenesis was used to alter codon 544 of MDR1, to encode an aspartic acid. The mutated fragment was subcloned into the plasmid pMDR1-wt to generate pMDR1-A544D, and used to transiently transfect human epithelial kidney (HEK293T) cells.
Fluorescence activated cell sorting (FACS) of live cells was used to correlate the ability of transiently transfected cells to extrude a fluorescent substrate of P-gp1, rhodamine 123 (R123). The presence of P-gp1 at the cell surface in the same batch of transfected cells was determined by the P-gp1-specific monoclonal antibody (mAb) UIC2 conjugated to phycoerythrin (UIC2-PE).
Cells transiently transfected with pCIneo-βgal which does not encode P-gp1 all behaved in a similar way and accumulated R123 and failed to label with UIC2-PE (Fig. 3a) . In contrast, cells transiently transfected with pMDR1-A544D formed two distinct populations. The first population behaved similarly to the control cells with no UIC2-PE fluorescence and high R123 fluorescence (Fig. 3b , lower right quadrant), consistent with failure to express A544D-P-gp1 at the cell surface (and thus accumulate R123). The second cell population was characterized by high UIC2-PE fluorescence and no (25), the NBD from the histidine permease of Salmonella typhimurium. The side chains of A167 (the equivalent of A546 in MDR3 protein), the Walker A motif, the Walker B motif and the ABC signature are shown space filled. The four hydrophobic residues at the N-terminal end of the Walker B motif are shown in red and the C-terminal residues are shown in purple. The bound ATP is shown as ball and stick.
R123 fluorescence (Fig. 3b , upper left quadrant) consistent with cell surface expression of A544D-P-gp1 and extrusion of R123. Further confirmation that the extrusion of R123 in the A544D-P-gp1-expressing cells is due to the function of the mutant P-gp was obtained by incubating the cells with the P-gp1-inhibitor cyclosporin A. Under these conditions the cells with a high UIC2-PE fluorescence accumulated high levels of R123 fluorescence (Fig. 3c, upper right quadrant) . These data are typical of cells expressing functional P-gp1 (28) and indicate that the A544D-P-gp1 mutant is functional if it reaches the cell membrane.
Evidence that A544D-P-gp1 is a trafficking mutant
The finding that substitution of an aspartic acid for an alanine in a highly conserved region of NBD1 did not alter the ability of the mature protein to transport R123 was unexpected and suggested that the equivalent A546D-MDR3 protein mutant would also be functional. However, the FACS analysis provided evidence that the mutant protein is inefficiently expressed compared with the wild-type protein (Table 2) .
When transiently transfected with pMDR1-wt, 97% of HEK293T cells expressed wild-type P-gp1 at the cell surface [compare the UIC2-PE labelling of intact cells transfected with pCIneo-βgal or pMDR1-wt (Fig. 4) ]. There were two populations of pMDR1-wt-transfected cells which differed by the amount of wild-type P-gp1 at the cell surface (Fig. 4) . The first population (M1) had a mean UIC2-PE fluorescence of 38 relatively arbitrary fluorescence units and the second population (M2) had a mean of 200. The overall mean fluorescence was 171, compared with a control value of 3. We suspect that those cells that have a lower level of P-gp1 at the cell surface (M1) took up the DNA shortly after mitosis and that this resulted in a lag phase of one cell cycle until the nuclear membrane dissolved to permit entry into the nucleus and expression of the MDR1 gene. Effectively, these cells have had a delayed transfection time and so may have only had 24 h for gene expression from the introduced plasmid, which is insufficient time to accumulate maximal levels of wild-type P-gp1 at the cell surface. The population of cells that express high levels of Pgp1 at the cell surface (M2) probably entered mitosis soon after the introduction of the pMDR1-wt DNA and so have effectively had double the expression time.
Cells transfected with pMDR1-A544D also formed two populations (Fig. 4) ; the first population (M3) had a mean UIC2-PE fluorescence of 10 [barely above the mean (= 3) of the negative control cells], and the second population (M4) had a mean of 50. The overall mean fluorescence was 40. These data indicate that the mutant protein is expressed at the cell surface at much lower levels than the wild-type protein (Table 2) .
Western blot analysis of A544D-P-gp1
Transiently transfected cells normally express two forms of P-gp1, discernible by polyacrylamide gel electrophoresis (PAGE) and western analysis: immature, non-or core-glyco- or pMDR1-A544D (b and c) . Cells were incubated first with the P-gp1 substrate R123 in the presence (c) or absence (a and b) of the P-gp inhibitor CsA. The cells were then incubated with the P-gp1-specific mAb (UIC2-PE) before FACS. Table 2 . Ratio of intracellular to cell surface P-glycoprotein Summary of the mean observed fluorescence of intact cells (Fig. 4) , and of the mean fluorescence following fixation and permeabilization (F&P) either before or after P-gp1-specific mAb UIC2-PE labelling (Fig. 6) . This allowed the intracellular, cell surface and total P-gp of wt-P-gp1 and A544D to be calculated (calculated values are shown in italics).
Mean fluorescence (relative arbitrary fluorescence units)
A544D-P-gp1
Wt-P-gp1 HEK293T sylated P-gp1 and mature glycosylated P-gp1. All of the immature P-gp1 is found in intracellular compartments (29) , and probably represents nascent polypeptide in the ER. The glycosylation of the first extracellular loop of P-gp1 is completed in the distal cisternae of the Golgi apparatus. If the A544D mutation impairs the trafficking of the protein from the ER to the cell membrane then it might be expected to alter the ratio of immature to mature protein found in the cell. PAGE and western analysis (Fig. 5) showed that wild-type P-gp1 was expressed at higher levels than A544D-P-gp1 and was predominantly present as the 170 kDa mature, glycosylated form. In contrast, the A544D-P-gp1 was predominantly found in the 140 kDa immature form. Reprobing of the blot with anti-actin mAb indicated that the same amount of cell protein was added to each lane (Fig. 5) .
The ratio of cell surface to intracellular P-gp1 is also altered in the A544D mutant
Additional evidence that A544D-P-gp1 is a trafficking mutant was provided by calculating the ratio of cell surface to intracellular P-gp1 by FACS analysis (Fig. 6 and Table 2 ). Cells that were fixed with paraformaldehyde and permeabilized with saponin prior to incubation with antibody, provided an indication of the total P-gp in the cell (Fig. 6, black traces) . The intracellular P-gp fraction was then determined by subtraction from this figure of the cell surface P-gp determined by incubation of live cells with antibody before fixation and permeabilization and FACS (Fig. 6 , grey traces); this controlled for the possible loss of cell surface antibody-antigen conjugate during the fixation and permeabilization. It was also necessary to subtract the antibody bound non-specifically to cells as this fraction changes when intracellular antigens are exposed (Fig. 6c compare black and grey traces). These data, obtained for cells expressing wild-type P-gp1 and for cells expressing the A544D mutant, are summarized along with the background levels of fluorescence in Table 2 . Calculation of total P-gp1 level and the ratio of intracellular to cell surface P-gp clearly showed that cells transfected with pMDR1-A544D expressed a lower level of P-gp1 than cells transfected with pMDR1-wt (total fluorescence 192 and 511, respectively), and that much less of it got to the cell surface (only 19% of the total produced, compared with 33% of wild-type protein). The western analysis of cells expressing wild-type P-gp1 demonstrated that there is more of the mature, glycosylated form than of the immature form of the protein. When considered together, these results demonstrate that not all of the mature protein is at the cell surface. These results show that the MDR3 mutation A546D causes abnormal protein glycosylation and trafficking when its equivalent is expressed in P-gp1.
DISCUSSION
Our analysis of the sequence of the coding region of the MDR3 gene in eight patients with ICP and raised γ-GT has revealed the presence of a mutation in exon 14 (A546D) in one individual. This mutation was not found in 50 parous controls without ICP, nor in 40 ICP women without a raised γ-GT, indicating that it is not a common polymorphism. The location of this mutation within the highly conserved first NBD indicates that this is not likely to be a benign alteration, and we provide data showing that it interferes with protein trafficking. Thus, ICP without PFIC can be caused by mutations in MDR3. We only found a MDR3 mutation in one of eight women; this could be because other mutations are in untranslated regions, or in regulatory regions of the gene that were not screened in this study.
To date, only three other mutations of the MDR3 gene have been published, all in individuals with PFIC3 (10, 14) ; in two of the pedigrees, the heterozygous mothers had symptoms consistent with ICP. These mutations are believed to cause loss of function, as they all introduce premature stop codons. The occurrence of the A546D mutation, the substitution of a hydrophobic amino acid with a charged polar amino acid, in the highly conserved first NBD, suggested that this mutation would also result in loss-of-function of the MDR3 protein. In order to gain insight into the functional consequences of this mutation, we tested the effects of the equivalent mutation to A546D in P-gp1 (A544D). Transient expression of A544D-Pgp1 in HEK293T cells, and subsequent FACS and western analysis suggested that this mutation reduces the abundance of the protein and impairs protein trafficking to the cell Table 2 . The transfected populations were observed to consist of two separate populations (M1 and M2 for pMDR1-wt, M3 and M4 for pMDR1-A544D) with different amounts of protein at the cell surface. membrane. This probably arises as a consequence of misfolding of the first NBD leading to retention of the protein in the ER and an increase in the rate of degradation. The A546D mutation in the MDR3 protein is likely to have a similar phenotype as there is considerable sequence identity between the proteins in this domain (87%), and because the NBDs of P-gp1 and the MDR3 protein have been shown to be functionally interchangeable (27) .
A number of missense mutations have been identified in other genes that result in trafficking defects, including the cystic fibrosis transmembrane conductance regulator (CFTR) gene (30, 31) , which encodes the CFTR protein, another member of the ABC transporter superfamily, and genes encoding the Wilson disease and Menkes disease proteins, both of which are P-type ATPases (32, 33) . Such mutations in membrane transport proteins commonly result in reduced function in addition to abnormal protein trafficking (32) (33) (34) . However, a disease-causing mutation has been reported in CFTR which is associated with protein mislocalization, but normal CFTR protein function (31) . The MDR3 mutation we have identified may be similar, resulting in an increased proportion of mislocalized protein, but normal MDR3 protein function if it reaches the cell membrane. The results of our functional studies in P-gp1 support this hypothesis.
Western and FACS analysis suggest that cells transiently transfected with pMDR1-wt produce more of the mature, glycosylated form of wild-type P-gp1, but that the majority of this is not localized at the cell surface. There is in vitro evidence for the existence of cytoplasmic reservoirs of bile acid transporters in intracellular vesicles which are recruited to the hepatocyte canalicular membrane, resulting in increased bile acid transport (35) . This mechanism has not been specifically investigated in P-gp1, but it is possible that mature P-gp1 also resides in the Golgi apparatus and recycles to the cell surface. It has also been demonstrated that the mature Wilson disease protein and the Menkes disease protein reside in the trans-Golgi apparatus and recycle to the cell surface when copper transport is required (32, 33) .
It is not known why women with ICP only develop symptoms of cholestasis in pregnancy. The short-term administration of oral oestrogens to women with a history of ICP causes pruritus and abnormal LFTs (36, 37) , suggesting that predisposed women develop ICP due to the cholestatic effect of raised oestrogens in pregnancy. Progestogens may also play a role (6, 38) . Progestogens and oestrogens can inhibit MDRcatalysed drug efflux and interact with P-gp (39) . It is therefore possible that raised serum oestrogens and progestogens in normal pregnancy cause reduced function of the MDR3 protein, and that women who are heterozygotes for a trafficking mutation in the MDR3 protein have a reduced ability to compensate for this.
Although the cause of fetal distress and intrauterine death in ICP is not fully understood, some studies have reported a more frequent occurrence of fetal distress in cases with high maternal (8) or fetal (40) bile acid levels. Loss of function of the MDR3 protein results in raised serum bile acids as a secondary effect, as is seen in children with PFIC3 (14) and the heterozygote mothers with ICP (10). Thus, MDR3 mutations which result in raised serum bile acids, such as the one reported in this study, may predispose to fetal distress and subsequent unexplained intrauterine death.
Of the 87 patients with confirmed diagnosis of ICP and raised serum bile acids, 20 had a raised γ-GT. The finding that 23% of women with ICP had a raised γ-GT was of interest as the frequency of high γ-GT PFIC in non-consanguineous families is extremely low. However, there are several non-hereditary causes of cholestasis in pregnancy that can result in raised serum bile acids with a raised γ-GT, including viral hepatitis, autoimmune hepatitis, drug-induced cholestasis, cholelithiasis and other causes of biliary obstruction, e.g. malignancy. Although these diagnoses are rare and will have been excluded in the majority of women in this study, we did not have access to the results of these investigations in all of the women in whom the retrospective measurement of γ-GT was performed.
Therapeutic interventions to improve protein trafficking are under investigation for the ∆F508 mutation in CFTR (41) , and this approach may be useful for the treatment of protein trafficking mutations in ICP.
In conclusion, we report a heterozygous missense mutation in the MDR3 gene in a patient with ICP. Our analysis of this mutation in P-gp1 suggests that it results in abnormal protein trafficking and a subsequent lack of functional protein at the cell surface. These results confirm that MDR3 mutations are responsible for ICP in some women with raised γ-GT. Identification and characterization of further mutations in this gene will greatly increase our understanding of the role of MDR3 in this subgroup of women with ICP. Table 2 .
MATERIALS AND METHODS
Patients
For mutational analysis of the MDR3 gene, eight patients with raised γ-GT were analysed together with a normal control individual. Of these eight individuals, two were recruited prospectively on detection of raised γ-GT and the remaining six were added following retrospective measurement of γ-GT levels from stored serum in 87 patients. Of the 87 patients with a confirmed diagnosis of ICP and raised serum bile acids, 20 had raised γ-GT. As different hospitals have different normal ranges for liver function tests, the upper end of the normal range in pregnancy was assumed to be 80% of the level quoted outside pregnancy for each hospital, consistent with published studies (42) . Full clinical details of the patients are given in Table 1 .
Having identified a mutation in patient 8, we had wanted to obtain blood samples from her relatives for DNA extraction to establish whether the mutation was maternally or paternally acquired, or sporadic. However, this was not possible because she was adopted and has no contact with her biological parents.
To check for the presence of sequence variants in normal individuals we utilized a panel of 50 women with gestational diabetes but with otherwise normal pregnancies who had no history of cholestasis. We also analysed 40 women with obstetric cholestasis without known raised γ-GT (the γ-GT was not tested in all cases).
Sequence analysis and mutation detection
Long-range PCR products covering parts of the MRD3 gene were generated using primers designed from the published sequence (17) . Products varying in size from 4 to 12.3 kb were amplified using the Expand long-range PCR kit (Boehringer Mannheim, East Sussex, UK), and subcloned using the TOPO XL kit (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. Multiple independent positive colonies were picked and DNA prepared using the Wizard miniprep kit (Promega, Maddison, WI). Inserts were sequenced with vector-specific and MDR3-specific primers using the FS + Dye Terminator sequencing kit (PE Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. Products were resolved and the sequence determined using a 373XL semi-automated sequencer (PE Applied Biosystems), and the sequence analysed utilising the Sequence Analysis, Sequence Navigator and AutoAssembler software packages (PE Applied Biosystems).
Sequence information from these experiments was combined with previously published information (17) and with sequence information from the Washington University chromosome 7 sequencing project (http://genome.wustl.edu/gsc ) to design 27 pairs of exon-specific primers for the MDR3 gene (available from the authors on request). These primers were utilized to amplify the 27 coding exons of the MDR3 gene together with the respective exon-intron boundaries. Amplification of genomic DNA by PCR was carried out using an automated DNA thermal cycler (MJ Research Tetrad, Genetics Research Instrumentation Ltd, Felstead, Essex) in a total volume of 50 µl containing 50-100 ng of DNA template, 100 ng of each oligonucleotide primer, 50 mM KCl, 10 mM Tris-HCl pH 8.3, 1-3 mM MgCl 2 , 0.01% gelatin, 100 mM dNTP and 2 U Taq polymerase (Bioline, London, UK). Reaction conditions were as follows: 96°C for 3 min, 35 cycles of 30 s at 94°C, 30 s at 55-62°C and 1 min at 72°C, followed by a final extension for 10 min at 72°C. Following amplification, products were gel-purified and subject to DNA sequencing reactions as described above to obtain sequence for both strands of the PCR product. Sequences were compared with the Sequence Navigator software package (PE Applied Biosystems).
Digestion of the PCR products with the restriction enzyme SexAI (New England Biolabs, Beverley, MA), to assay for the presence of the mutated sequence, was carried out in a 30 µl volume using the conditions recommended by the manufacturer. Restriction fragments were resolved on 2% agarose gels.
Study of the MDR3 protein A546D mutation in P-gp1
Plasmid pMDR-wt encodes wild-type P-gp1 with a hexa-histidine tag at the C-terminus and has been described previously (28) . This protein shows normal P-gp1 activity. Plasmid pCIKβgal was kindly provided by D. Gill, University of Oxford, UK, and is based on pCI (Promega) which was engineered to express the lacZ sequence. Plasmid pSBH is based on the mutagenesis vector pAlter (Promega) and contains the first half of wild-type MDR1 from the BamHI site 5′ to the coding sequence, to the HindIII site spanning codons 681 and 682.
Site-directed mutagenesis
Alignment of the amino acid sequence of human P-gp1 with the MDR3 protein identified A544 as the P-gp1 equivalent of MDR3 protein A546. Site-directed mutagenesis was used to alter codon 544 of MDR1 to encode an aspartic acid, adopting the C→A tranversion of the second position of the codon analogous to the A546D mutant of the MDR3 protein. The A544D mutation was introduced into NBD1 of P-gp1 by oligonucleotide-directed mutagenesis ('Altered sites' II; Promega) of pSBH. The mutagenic oligonucleotide (5′-CGCCATTGCAC-GAGACCTGGTTCGCAAC-3′) introduced the desired codon change at the same time as removing the adjacent PmlI restriction site without further alteration to the amino acid sequence of P-gp1. The nucleotide sequence of the mutated DNA was verified by automated DNA sequencing as described above, prior to subcloning the mutated EcoRI-HindIII DNA fragment back into pMDR-wt to generate pMDR-A544D.
A further change, thymine (T) to adenine (A) was made in the wobble position of codon 543 of MDR1 to remove, silently, the PmlI restriction site in order to follow the subsequent subcloning events. The mutated fragment was subcloned into pMDR1-wt to generate pMDR1-A544D for expression studies in mammalian cells.
Transient transfection of mammalian HEK293T cells
HEK293T human epithelial kidney cells (3.75 × 10 6 ; Imperial Cancer Research Fund, cell production unit, Clare Hall, London, UK) were seeded on to a 75 cm 2 tissue culture flask in 15 ml of Dulbecco's modified Eagle's medium (DMEM), supplemented with 2 mM L-glutamine and 10% (v/v) fetal calf serum (FCS; Helena Biosciences, Sunderland, UK). The cells were incubated under 5% CO 2 at 37°C for 18 h to give ∼70% confluency at which point the cells were transfected with polyethyleneimine (PEI)-DNA complexes: 60 µg of DNA in 30 µl 5% glucose was mixed with 9 µl of 25 kDa PEI solution [45mg PEI (Sigma Aldrich, Gillingham, UK) dissolved in 8 ml H 2 O, corrected to pH 7.2 with dilute HCl]; this was diluted in 10 ml of supplemented DMEM and added directly to the cell monolayer. Twenty-four hours post-transfection the medium was replaced with fresh DMEM plus 2 mM butyric acid (Sigma Aldrich) to enhance expression of P-gp. The cells were harvested a further 24 h later.
Western analysis
Whole cell lysates were prepared from 5 × 10 5 transiently transfected cells by resuspension of the washed cell pellet in 300 µl lysis buffer [phosphate-buffered saline (PBS; pH 7.4), 1% SDS, 100 µM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 4 µg/ml pepstatin and 1 mM ethylenediaminetetraacetic acid]. Cell lysate (10 µg) was separated by SDS-PAGE and the proteins transferred electrophoretically to PVDF membrane (Immobilon-P; Millipore, Bedford, MA). The membrane was probed with the anti-P-gp monoclonal antibody, C219 (Cis-Bio International, Gif-sur-Yvette, France), and developed using horseradish peroxidase-conjugated goat anti-mouse antibody and enhanced chemiluminescence (Amersham, Uppsala, Sweden).
FACS analysis
Dual labelling of intact cells was used to assay for both P-gp function and localization at the cell membrane. Transiently transfected HEK293T (1.25 × 10 6 ) cells were harvested by incubation with versene (2 mM EDTA in PBS) for 10 min at 37°C. The cells were washed twice with PBS and then incubated with 2 µM rhodamine 123 (R123; Sigma Aldrich), with or without cyclosporin A (CsA; 10 µM), and incubated for a further 30 min at 37°C. The cells were washed three times with versene, then incubated with 20 µg/ml anti-P-gp antibody [UIC2, phycoerythrin conjugate (UIC2-PE); Immunotech, Marseille, France] or isotype control diluted in FACS buffer (1% FCS in PBS) for 15 min at 4°C. The cells were washed three times in FACS buffer before resuspension in 300 µl of FACS buffer. Samples were stored in the dark at 4°C until analysis. Flow cytometric analysis of the cells (10 000) was carried out using a FACS Vantage flow cytometer (Becton Dickinson, San Diego, CA) fitted with an argon ion laser. PE fluorescence was measured at 575 nm and R123 fluorescence at 515 nm. Fluorescence data was analysed using CELLQuest (Becton Dickinson) software.
To detect intracellular antigen, 1.25 × 10 6 cells, harvested and washed as before, were fixed by addition of formaldehyde to 3% and incubated at room temperature for 20 min. The cells were washed three times in FACS buffer and resuspended in 0.5% saponin (in FACS buffer) and incubated for 20 min at 4°C. The cells were washed a further three times in FACS buffer before incubation with UIC2 and FACS as before.
